THE CHEMICAL BASIS OF HEREDITY

by

Arthur Kornberg, M.D.

" R,
e \ L S N

‘1 A
Transcrlptlon of aig‘ﬂuesdg EV?B&P&,SFrleS Talk }
! ~"October T T

L j‘ _.-’w"

N i e
=, TR
9. B ——

NOTE: This is not a finished man-
uscript and is not to be reproduced
without Dr. Kornberg's permission,



THE CHEMICAL BASIS OF HEREDITY

By Arthur Kornberg, M.D.

Transcription of s Tuesday Evening Series Talk, Oct. 17, 1961

I think wmost of you in this auvdience have through experience or intuition,
or both, some fundamental grasp of the basic meaning of heredity. I think you know
that starting with a sperm and egg, whether the species be a mouse, or a man, or
an elephant, that these microscopic cells, quite similar, often indistinguishable
in appearance, unite and from this union two cells appear, and from two, four; and
from L, 8; 8, 16; etc., and in some 4O divisions of this kind, the enormously
intricate organisam containing many trillions of cells appesrs and we recognise it
a8 a distinct species--whether it be a frog, or a man or & mouss, despite the fact
that the microscopic cells from which this organism originated were almost indis-
guishable. I think you also know that this adult individual has reproductive
facilities that in turn lead to the productiocn of sperm and egg which perpetuate
the specles. I think you probably, with some thought, realize that within the sperm
or egg 1s some chemical information that dictates--predestines the most subtle detail--
of the individual that is formed: the color of the hair, the color of the eyes, the
shape of the nose; and you know from elementary biology that this information is
contained in the nucleus of the cell. And you probably recall thst the structures
designated as chromosomes within the nucleus are further the responsible asreas for
this chemical informstion.

Now what we can say further is that something you cannot see under the light
microscope 18 contained within these chromosomes, something that we define as "genes."
These are best defined as those sub-units, those invisible sub-units within the
chromoscmes that are responsible for each sinple chemical fact that constitutes the
sdult individual. Now what I should like to talk about is our approach to under-
standing these phenomena in simple chemical terms and this evening I should like



to tell you what we know, vhat we'd like to know about the chemical basis for these
gross hereditary phenomena. We would like to know how these genes serve not only
to give information for the development of the cell, but are self-reproduced so that
progeny in subsequent generations will get the same informetion and perpetuate the
species. These genes, we recognise, can be as fevw in nuwber as the chemical facts
that ﬁuy are going to dictate; as few ae 10 in the simplest virus and as mmerous
perhaps as 10 million in organisas as complicated as ourselves. HNow I think these
things we know, or have come to sppreciate, thinking from blologic or chemical
drections.

We can also approach this as some pecple have recently, from areas as diverse
as electronics or physics, and here in Palo Alto and Stanford, which is a young capital
of the electronics industry, we are familiar with enormous advances in miniaturising
electrical cirouits and you kmow of tiny transistoriszed radios and motors that are
even smaller than your fingernail. A very interesting essay on this subject vas
written recently by Professor Richerd Feynman at Cal Tech, with the challenging title,
"There is Plenty of Room at the Bottom," pointing out the vast area still posmible
in miniaturisation. He offered in this essay or speech that preceded it, perhaps
foolishly, to pay $1,000 to someone who would make a motor that vas one-sixty-fourth
inch in diameter; and I am told that very soon after someons made it and he had to pay
the money. He also pointed out that miniaturisation in coding information had hardly
progres=ed at all. It is true there are devices which, he stated, permitted the re-
production of the Pledge of Allegiance on a pinhead and by now I imagine that there
is room on such a pinhead for other caths. Byt what he went on to say is that this
is terridly primitive, that it should be possible with known physical principles and
certain suggested techniques, to reduce the Encyclopedia Britamnica, all twenty-four
volumes of it, to the sise of a pinhead. He pointed ocut, and I will point out to you,
that the techniques for doing this are still decades away. But even if this were
acoomplished--and this represents a demagnification of some 25,000 diameters--
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even if this were accomplished, the feat would gtill pale, by comparison, with what
nature has accomplished in redusing genes into chemical language. A dot at the end
of this pinhead-sise Encyclopedia Britannica would cover an area that oan encompass
a thousand different atoms, each of which carries information much as our alphabet
does. Now this calculation can be made in a variety of ways. You can proceed from
this and point out that knowing the mass of genetic material in chromosomes of all
the sperm and egg that have gone to make the three billion people on the face of the
earth, you would still have s volume not much bigger then this pinhead. This is the
feat of chemical langusge as it has developed in nature. And to be sure that I have
nade this analogy clear, I want to point out that when I gave this kind of comparison
in a talk in Washington this spring, the talk was reported under this headline,
¥ 'Miniaturisstion May Make Possible Litrary in Thimble,' says scientist.® Row if
there are any litearians in the audience, please don't take this seriously.

We see then that the gens can best be expressed as an encyclopedia, and I hope
I am not boring you to say that bvillions of volumes of information can be compressed
into these pinhead-sise capsules if need be, 7This enoyclopedic gene has information
in 1t which dictates all the development of the cell, in terms of the proteins, the
ensymes that are going to be formed, and it must also have the capacity to be copled
faithfully so that the progeny of this individual will have the same encyclopedioc
detail for all the elaborate processes that cheracterise cellular chemistry.

In pursuing this subject from now on, 1 would like to focus on three questions.
The first is: How have we come to réeognin that the genetic subatance is DHA,
deaxyribonucleio acid, snd what is DNA? Secondly, we would like to ask: How is DNA
translated into proteins, proteins and ensymes (which are proteins) being the elements
in the cell that govern all the chemical machinery and constitute the structure of
the cell? And finally: How is DNA copied so faithfully that the race is preserved
and the progeny that issue from this cell or individual are virtually identical?

Now for the first question: How have we come to recognise that DNA is the

-3 -



genetic substance? In this, in effect, encompasses wuch of the progress in blology
and dtdological chemistry in the last century. One direction we can take is from the
work of a young Swiss chemist, Miescher, about one hundred years ago. Ho wanted

to know what the nucleus of a cell consisted of and so he went to the spern of herring
or of other fish at spawning time, where this meterial was abundant, extracted it end
found that the substance which made up mch of the nucleus contained the ususl elements
that are found in the cell--carbon, nitrogen, hydrogen, oxygen and an element that
proviously had not been found in organic linksge in nature, phosphorus. This was a
phosphorua-rich material. His researches, and subsequent studies, showed that this
material could be separated from proteins and other elements in the cell. It was
called, after its origin, nuoleic acid. It bas come to be recognized that there s
two kinds of nucleic scid: deoxyribonucleic acid (DHA), which is found only in the
nucleus, and another kind, RNA, ribonucleic acid, which is found both in the nuclens
and the surrounding cytoplasm.

Now what has ocourred over the years is the development of stains that sre specific
for DMA (first slide). We have in this picture a section across the tip of the root
of a growing onion plant. Some of you may recognise thet I bave borrowed this from a
recent Scientific American. What you see in these cells and in the nuwolei of the cells

are these purple bodies, and these, as you watoh thew, will divide so that an equal
amount is contained in esch cell. Here are some of the chromosomal elements, and what
has been learned over the Years 1s that stains which are apecific for DHA actually
characterise these chromosomal elements that are so prominent in cellular reproduction.
This i3 one line of investigation and the evidence, while apparently convineing, is
still only circumstantial.

Another line of evidence that is much more compelling developed some twenty Yoars
4go from the work of Avery and his associates at the Rookefeller Institute, who ex-
Ploited earlier observations by some English workers, This has to do with the trans-
formation of bacteria. They obmerved that if you take a bacterium, the pneumococous
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in this case, vhich has a characteristic capsular coat, that it is possible to
extract a substance from one bacterium,zet it, insert it in another and changs the
coat from the type of cell that you oxt;aetod it from and impose that on the re-
cipient. In other words, you can in effect exiract a character and insert it into
another organism that doesn't have it, and from that point on, this is a permanent
genetic character. This has now been done in a great variety of ways. Streptomycin
resistance, for exsmple, can be transferred from one organism to a closely related one
(in effect a different species) and transform that organism into this new species.
Avery and his associates showed that the transforming substance is deoxyribonucleic
acid. Dr. Lederberg in the Department of Genetics and his associates are doing some
of the most sdvanoced studies with other kinds of bacteria, using these naked genes,
in effect, that are isolated from cells inserted into others and convert these re-
cipients into the kind of species from which the DNA was obtained.

Another line of evidence that I'd like to um(m there are numerous ones, but
I shall restrict myself to these tw) comes from a study of viruses. Viruszes, as
you know, are very tiny crganisms that cen survive in nature by themselves, but must
infect a larger cell in order to multiply. Such viruses can infect onmi cells,
but perhaps the most revealing information about the nature of these viruses comes
from studies of infections of bacteria with viruses. This next slide shows a rathar
artistic conception of the life cycle of one of these bacterisl viruses, called a
bacteriophage. We have here a picture of this virus sttached by its tail to a
bacterium. In this case the bacterium is escl;eri:shh coll, the common inhabitant of
our intestinal tract. The work that Hershey and his associates did about ten years
ago shows that the essence of this infection by this bacteriophage was an injection
of the INA from the head of the virue. The outar protein coat--a little protein over-
coat that it carries--was left behind in the medium. Simply as a result of this
injection of the INA, the chromosome of the hoat bacterium sort of dissolves and the
cell becomes a factory for the reproduction of virus particles. This happens within
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soo0onds, and within ten minutes these numerous packets of DHA are reproduced. They
are then ensheathed in protein overcosts and at twenty-one minutes, 100 ar 200
particles emerge. The evidence is most convinaing that the protein that surrounds
the virus has nothing to do with the infection, that the character of the virus is
determined entirely bty the DNA which 1s injeoted.

There 12 a variant on this kind of infection in which the bacterial virus
doesn't guite take over with as much force % tcrpola;ta.s itself in a sort of
saprophytic existence with the genetic uaj;rull\h%n%h is oalled lysogenic
infection and they live happily together until some moment when & rare svent occurs
or ultraviolet light is shined on this comwbination of virus and bacterium and then
thers is this explosive infection. What Dr. Lederberg showed some years ago is
that because of this intimate relation between the virus and the genetic apparatus
of the host, these viruses can actually carry with them some of the genes of the
bacterium. It can be demonstrated that some of these genetic properties they carry
can be tranaferred to other cells that they infect. Dr Dale Xalser and Ir. David
Hogness in the Blochemistry Department have shown you can do this entire thing with
Just the DNA iteelf., TYou can extract the DNA from the virus, infect the cells with
the DNA and then develop the new bacterial particles and the DNA will carry scme of
these genes from the host baoterium to the cell that it infects.

In short, all of the detalled genetics on bacteria and viruses which have been
described over the years, can now be studied with DNA moleculee in the test tube.
Kaiser and fogness are actually shearing these molecules into sub-units and determining
swhich parts of the molecule carry which informstion as they infect the cells. So ve
have come to the point now of saying, yes, DNA is the genetic substance.

What is DHA? I think we can say without elaborats formulae that DRA consists
of four letters, assuming that DHA is this encyclopedis we've described. The DHA
language then is a four-letter alphabet and these four letters will be referred to

fromnow on es A, T, O and C. What does a letter stand for? The lstter A (next slide)
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stands for a molecule which 1s represented hers as accurately as chemists know

how to do it today. These wooden balls designate atoms. A hydrogen atom is whits,
oxygen 8 red, blue is nitrogen, black is carbon and the salmon color is phosphorus.
There are some thirty-five atoms here. We have a phosphate, actually linked to a
sugar group. This blue and black structure is adenine, and adenine is "A® in the
IBA alphabet. I should say that this model is about 200 million times expanded over
its correct sise and probably blown up another couple of times here. In addition

to A in the DNA alphsbet, there are very similar units wvhich are called guanine,
thymine and cytosine. (Next slide)

It is & remarkable fact that in nature, nc matter where you find DNA, whether
it is in soil, bacteria, in animals or in fish, the amount of A 13 always equal to
the amount of T. The letters in this alphebet show an invariable equivalence of A
to T and of @ to C, Put the ratio of AT pajrs to GC pairs does vary. The ratio
is constant and characteristic of a given species. This fact was recognised about
1950, but was not readily explained until about three years later, when Watson and
Crick came out with their now very famous model for INA which reconciles this re-
lationship and many other chemical and physical facts sbout DNA.

They picture (next slide) that DNA is a colleotion of these letters, running
thousands of units long, and is formed as a heliocal structure. It winds arcund like
a spiral staircase and jutting out at each point are these letters, A, T, G or C,
NHow if this were the only fact known about it, we might expect that such a spiral
would collapse into a ball 1like twine rumpled up; but vhat they showed, and the most
significant finding, is that there are actuslly two such helices that wind about
each other as shown here and they are held together by the fit of G to C, C to G,

A to T-~there are chemical entities in each of these letters that mske the fit of
C to G perfect, tut C will not fit with an A nor G with a T,
We have a picture of a DNA molecule as an enormous fiber. This pointer might

represent it to give you some feeling for its rigidity. Within it, as this atom model
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¥AY suggest to you, we have this winding staircase with steps uniting these two
strands, created by A to T, G t0 C, T, A, C, G, etc. I would remind you that
because of expense, we have not made these models many thousands of units long.
This is only ten units long, and it's our conception that the simplest virus kmown
to us which may have just a fow genes is at lsast several thousand units long. A
human chromosome or the chromosomal material within a cell is at least several
billion units long. What does this structure mean? It means that this alphabet
spelling TC, 0G, AC, ets. in sufficient length will spell 2 message and that message
will lead to a protein or an ensyme.

Now we come to the second questions How is DNA expressed in protein synthesis?
How is this structure, spelled in these four letters of A, T, G and C, translated
into proteins which govern szll the chemical processes in the cell? The difficult
thing here-~this problem has not been solved--is the translation of this four-letter
language into proteins which are made up of twenty letters. Proteins, as you know,
consist of amino acids. All proteins in nature virtually are made up of twenty
different amino acids. How do you translate a four-letter language into a twenty-
letter langusge? As I have sald, this code has not as yet besn deciphered and
represents one of the major problems in biochemistry, or molecnlsr biology as it is
referred to today. Progress of some scrt is deing made in trying to figure cut how
within the cell the DA leads to the synthesis of proteins. And in the forefront of
this field ere Dr. Charles Ysnofsky in Biology and Dr, Paul Berg in Blochemistry.

Without going into detail, and I an afraid even 4f there were time, I wouldn't
have the details for you, we speculate--this is the best word to use--that the path
of translation of the DNA information into protein synthesis may take this turn.
(Next s3lide) We might imagine that this saw-toothed litile structure in the nucleus
of the cell (designated as DNA) is translated by the use of RNA, and I shan't go
into the ressons for this, but they are becoming more and more convineing. Through

chemical matching the HNA copies the sequence in DHA and then proceeds as a messenger,
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going out of the nucleus somewhere into the cytoplasm and seats itself at this
locus, which we shall represent as a ribosome, the place in the cell where the
proteins are sssembled. Attracted to thia messenger RNA are now amino acid-bearing
units that fit by a decodificstion, that I have warned you we don't yet understand.
But somehow the structure of this RNA attracts specific amino acids at each point
and now in this section of the diagram, we see them aspembling and getting close.
and when they finally unite as a string of amino acids, we then have a protein.

This is an artist's conception of a leng string of amine ascids, which in a three-
dimansional pioture give you this kind of protein structure. Actually this is s
model of myoglobin, the hemoglobin that is found in macla’ as deduced by Kendrew and
Perutz in ¥ngland. It is the peculiar arrangement of the amino acidas and then the
three~dimensional structure that they result in that is responsible for the property
of this molecule in carrying oxygen in the cell.

You might wonder what would happen if there were a mistake in the DRA message.
What would happen if you substituted 2 T for a G or an A for a C?7 We think we know
the result of this kind of error or alterstion and we recognize it as disease.

Dr. Pauling did the most original and informative sarly work in this area of so-called
molecular diseases. One condition, for instance, is known as sickle cell anemia,
vhich is a very severe and often fatal disease, especially common in colored people.
It has been shown that the hemoglobin of these people with sickle cell anemia is
defective in only one regard in the chain of three hundred aminoc acids that constitutes
hemoglobin. There is just one mistake, and that single amino acid alteration produces
8 molecule that cannot carry axygen so well, and as a consequence there is this fatal
dissase. To describe this diagramatically (next slide), we imagine then, and I em-
phasise that we do not imow the sequence in the DNA, let alone the particular segment
that is responsible, but we can imagine that the DNA has a code of TCT and these
three lstters ars then transiated as the amino acid proline, or GAC is translated as
the amino acid glutamic acid, If this is true and the three hundred amino acids are
-8 -



correct, we have hemoglobin A, which is normal. But assume that instead of an A
there is a C. Then the sequence GCC spells wvaline, another amino acid when

it replaces glutamic acid we have the sickle cell hemoglobin, hemoglobin 3, and
a fatal disease.

During the last few years it has become inoreasingly apparent that sxtremaly
complicated diseases can be traced to a lesion so simple as the alteration of a
single amino acid in e single protein or a single ensyme. For example, the disease
phenylketonuria, which results in & severe mental retardation, has a variety of
symptoms§ muscular abnormelities, loss of pigment ususlly seen in the procoms;m
of blondness and blue eyes, inability to walk, tremors, stc.--gll due to the lack
of an snsyme or functioning ensyme, that will put an oxygen on one place on phenyl-
alenine to convert to tsyroum;and for lack of that, this whole syndrome of symptoms.
This book I am holding, which one can barely 1ift, has 1500 pages, costs $30.00--
was published last year and is alrsady out-of-date, desoribes a grest variety of
disesses which can now be traced more or less to simple defects of this nature.

Now we come to the last Question. 8ince you all understand how DNA dictates
protein synthesis, we appreciate that this is one of the two functions of DNA.

(Next slide). DNA, ss I have been emphasising right along, has a dual role. We
have talked about the intervention of RNA, whioh presumably leads to ensymes or
proteins which are responsible for cell development and cell function. And this
would suffice for the 1life of this cell, but it would not permit reproduction. For
the cell to reproduce we must copy this DNA, we must copy it exactly so that the
progeny of this cell will have axastly the same encyclopedic information to result
eventually in protein synthesis.

How do we go about figuring out how DNA reproduces or replicates? I would like
to describs this in some detail. It concerns labtoratory investigations that Dr. Robert
Lehman and I initiated in 8t. Louis and are still carrying on here at Stanford. The
first thing one must do is simplify the cell, so to speak The cell contains thousands
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upon thousands of ensymes all doing their highly integrated jobs end stending out~
side you are aware that something is going on. Things are going in and out, but
what takes place in intimate detail 1is difficult to fathom. It is essantial to
understand the individual chemical resctions. So you open the cell and separate
the reactions that you're interested in, away from all the other things going on
within the cell. This is a rather simple way of saying that you must purify cut
the psrticular catalyst, the particular ensyme that is responsible for the phenon-
enon that you wish to understand; in this case, the synthesis of DNA.

Before tackling this problem, in several laboratories including our own, we had
first to understand how the building block (an A, G, T or C, for exampls) is pro-
duced, how this collection of some thirty odd atoms comes together. The A i»s
assembled from more primitive units, like carbon dioxide and ammonis and inorganic
phosphate. Some years ago we already understood how each of these building blocks
is assemdled within the cell from studies using ensymes extracted frop the cells.
Now we were able to tackle the question of how these units are assembled into this
enormous INA molecule. In carrying ocut these kinds of studies, I should tell you
that we look where the light is Irightest. VWe will look in pigeon liver or in
extracts of bacteria or the bone marrow of a rebbit. I am enumerating the warious
sources from vhich the knowledge concerning the synthesis of these building blocks
vwas derived and now we learn from studies of this kind the most impressive fact--
that no matter where you look in nature, the fundamental processes in synthesising

nucleotides or nucleic acids or proteins or carbohydrates are essentially the same,
There is a unity of biochemistry thet pervades all of nature. And ws can look with
confidence at a particular process in escherichia coli, this little miorobe in the
inteatinal tract, for the way in which an animal assembles its own nucleic socid and
I ocan tell you that this confidence has almost always been well placed. 8o in fact
ve did look into escherichies coli. It is an organism that divides almost every

twenty minutes and is a far better place for studying DNA synthesis than cells in
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enimals or plants, which divide only once every day or so. The mechanism for pro-
ceeding with such studies is to grow some bacteria, grind them up, extract their
Juices and then by one device or another see whether you can measure the conversion
of single units into this enormous molecule. As the work of purifying the catalyst
responsible for DNHA synthesis proceeded, the scale of operations inocreased to the
point vhere almost every week or so we must work up & hundred pounds of these bao-
teria to get enough of this trace catalyst to study in greater detail.

Now the sum total of these studies can be stated as follows--that given these
four building blooks (A, G, T and C) and this ensyme, this catalyst extracted from
bacteris or another source if you will, and DNA as a model or a template of a sort,
DNA synthesis proceeds at & rapid rate and to the point of exhaustion of the building
blocks that you supply in the test tuds. The characteristics of the product that
are synthesiszed in the test tube are indistinguishable from those that we recognise
for DNA isolated from nature, and the way in vhich this happens can best be shown
in the last slide.

We deduce from these studies that synthesis proceeds in this manner. Imsgine
that you have a small segment of DNA, These sre four units out of the many thousands
in a chain of DNA and for convenience we'll ssy that one strand hss an A, C, T and O
and of necessity the sister otrnndhuﬁ for A,/( for C, A for T, C for G. Wwhen
synthesis starts (preceding mitosis in the cell) the INA must be reproduced. The
strand on the left ocomes apart from the strand on the right and having separated then,
let's picture the strand on the left--it's the same one--3, T, C and A; and coning out
of the surrounding solution are the bullding hlocks and for the G ve demmnd a C and
that fits; end the T calls for an A, and then once it's there, it hooks up with a C,
in this cursive writing so to speak, of DNA. The O calls for a 3, the A for a T.
Now while this is going on, back at the ranch, down on the right hand side, units are
being assembled to match the right hand strand; the C demands a G, T fits with A,
Cwith 0, A with T, and if you step back and look at this, you can see that each of



the daughter molecules is identical to the other. They have the same sequence and
they represent a perfact replica of the parent 1In this device for replicating DNA
which in fact was first suggested in Watson & Crick's model vhen they came upon it,
1s in fact the way in which DNA is assembled in the test tube.

As we have learned some of the details of DA synthesis carried out under these
controlled conditions, we have become painfully aware of all the things we do not
know sbout it. We are pussled by the conditions that ars necessary to take these
strands apart in the cell becsuse as you know under normal conditions in an adult
cell the DNA is dormant. Only under conditions of abnormal growth, such as cancer
or some special simulus, does the DNA suddenly start to replicate in adult life,

And we're concerned about the fact that in the test tube this synthesis goes on to

the point of exhsustion of the tuilding blocke whereas in the cell, it exaotly doublses
and stops. These points of control which etill escape us represent important aroces

of future research.

We are alsc interested in vhether by more careful control of laboratory syn-
thesis of DRA, we can actually make the unit that is s0 perfect that it does repre-
sent a gene and can be inserted into a cell and transmit genetic information When
this is sccomplished, and I think it is within sight, 4if you have long range vision,
then you can imagine inserting fraudulent letters and observing subsequent altera-
tions in the messsge that is carried to the cell in question,

I might summarize what I have been telling you in a few general statements.

I think it is clear, or I have tried to make it clear to you, that from every point
of view, biology and medicine are coming closer to chemiosl interpretations of the
phenomens that we study in these aress. In studying DHA we dre studying the master
code itself. Condensed in its atomic languege, we have the directions for protein
synthesis and the proteins ars the moleoules that govern all the cellular processes.
And we recognise that there must be a mechanism for replicating DEA, perhaps like
the one I have described to you, which is responsivle for the preservation of the
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race and if a misteke is made in the INA or imposed on it, by radiatiom or
chemicals that are mt;eme » these changes are of course copled and result in
proteins wvhich mey be defective. This may be sufficiently great an alteration

to produce death, and then of couwrse that's the end of that. But if such a change
produces a defect that does not ceuvae death, we then have &8 mutant, we have an
altered epecles which, if survivel peraits, kceps on geing. Very rarely such an
alteration may result in a favorable change undor the perticular conditions. So
we can understand the very slow evoluticnary change in biology and this kind of
origin of species.

As we study nucleic ecids sand proteins in more detail, ve come to a more
sesthetic appreciation of biclogic phenomena and we have the optimisa and confidence
that as we know this better, practicsl rewards in an undursta:iding of disease
inevitably will follow.



WL 8TTONS

There i=s 2 Bit of time. . Dr Kornbers would be mozt happy o answer
queations before he comes and asks me the Gueations I xnow he will--this is
no idle threst about coming ‘o 8 budget session hearing in hand what I said
at the beginuning.

I think those of you in the audience this evening, who sre students, fully
appreciate that there i3 lots of room at the bottom in Siclogy as there is in
tlectronics and the frontiers on which Ur. XKornberg and his assoclates are
working are by no means conguered as yvet., There's lots of roon for all of you

10 work as well., Questionas?

4 rene until recently has heen an avctract definition. Now it is onbarrassing
that we know uhat the genetlc substance 18 and we've got to defline 1t in =more
precige chemical terms and wWe are at a loss to do this preéisely, We bvelicve that
2 zene may be several thousand nucleotides--a giretch of them--and they are
trarnalated inie &8 agpecific protein or enzyme and that is the vene. We <o not know
the punetas’ lon in a DNA chain. We do not know, az I said a moment aro, the
sequential arrenyenent of nucleotides, go that berond recognising that a chromo-
some 1s provably an exiremely lony stretch of thiese individual nucleotides,
mmctusted at various points, as each gene follows another, we really can't give
you any more giruvctural detall--going from the molecular level up to the chromo-
some itself. I should say that in viruses which are so ruch simpler and don't
have an ohvious chromosome, just have DNA, the newest information indicates that
where you have perhaps 200,000 nucleotides in this virus (and it uwas formerly
thoucht that you misht have ten separate INA molecnles) that with sulficient cere
in openiny these viruses, it is actuslly s =inrls nmclecule with all 200,000
nueleotides linked in a row. Anc we inaprine that perhaps chromosomes are in fact

Just single chains of DNA, although this iz not established



